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Two dimensional transition metal dichalcogenides (TMDs) have attracted great attention because of the versatile electronic structures. The electronic and magnetic properties of the nanoribbons are still not fully understood, which are crucial for their applications in nanodevices. In this work, the detailed atomic structural, electronic, and magnetic properties of the one dimensional WS 2 nanoribbons have been carefully explored by first-principles calculations. The results suggest that the single layer WS 2 will first transform into direct band gap semiconductor from indirect band gap of bulk one. Interestingly, the properties of WS 2 nanoribbons are greatly affected by the type of the edges: Armchair nanoribbons (ANRs) remain nonmagnetic and semiconducting as that of bulk, whereas zigzag nanoribbons (ZNRs) exhibit ferromagnetic and metallic. Further, the electronic properties can be tuned by applying the external strains to WS 2 nanoribbons: Band gap of ANRs experiences a direct-indirect-direct transition and the magnetic moment of ZNRs can be easily tuned by the different strains. All these findings suggest that the TMDs nanoribbons may exhibit extraordinary electronic and magnetic properties, and more importantly, such fascinating characters can be precisely modulated by controlling the edge types and applied strains. The discovery 1 of single-layer graphene in 2004 by Novoselov and Geim has shown that it is possible to exfoliate stable, single-layer materials from van der Waals (vdW) solids, which stimulates the research of many other inorganic layered materials.
2, 3 The prosperous investigations have focused on low-dimensional materials, such as twodimensional (2D) graphene, h-BN, 4,5 and one-dimensional (1D) nanoribbons. 6, 7 In particular, transition metal dichalcogenides (TMDs) have received significant attention because of their unique structures. 8 First, depending on the different combination of chalcogen (such as S and Se) and transition metal (such as Mo, Nb, and V), TMDs contain more than 40 different categories. 9 Second, single-layer TMDs are no longer single-atom thick as in graphene but consisting of transition metal atoms (M) sandwiched between two layers of chalcogen atoms (X) with stoichiometry MX 2 . As a result, TMDs possess versatile electronic structure varying from metallic (e.g., VS 2 ) and semiconducting (e.g., MoS 2 ) behavior. 10, 11 Among dozens of TMDs, MoS 2 and WS 2 have been extensively studied. The MoS 2 and WS 2 nanosheets have been successfully synthesized through various methods including exfoliation [12] [13] [14] and growth. 15 The surfacefunctionalized WS 2 nanosheets have been synthesized, which can be used as Li-ion battery anodes. 16 Both MoS 2 and WS 2 can be fabricated as high-performance field-effect transistors. 17, 18 In addition, MoS 2 can be also used in hydrogen production from water [19] [20] [21] [22] and rechargeable batteries. 23 Strong enhancement in photoluminescence (PL) quantum yield is observed for monolayer WS 2 due to exciton recombination at the direct band edge. 24 In contrast to either MoS 2 or WS 2 bilayers, the MoS 2 -WS 2 bilayer heterostructure has a direct band gap and more importantly the electron-holes pairs are spatially separated on different monolayers. 25 Besides, the structure and tunable band-gap of mixing Mo 1Àx W x S 2 single layers have also been characterized recently. 26, 27 The tremendous studies on low-dimensional materials have shown that they may exhibit extraordinary properties compared with their bulk. For carbon-based materials, the 2D graphene has unusual Dirac fermions due to quantum confinement, 28 but energy gaps arise in 1D graphene nanoribbons (GNRs). 29 A strong width-dependent carrier mobility of GNRs has been uncovered by theoretical calculations. 30 Recently, a novel two-dimensional carbon allotrope with tetra-rings and acetylenic linkages, rectangular graphyne (R-graphyne) has been proposed. In addition, half-integer oscillation between metallic state with Dirac-like fermions and semiconductor states occurs in zigzag nanoribbons. 31 For TMDs, an indirectdirect-gap transition occurs in MoS 2 and WS 2 when the system becomes thin from 3D bulk to 2D single-layer, as confirmed by both experiments 32 and theoretical calculations. 33 The MoS 2 Zigzag nanoribbons have a remarkably enhanced binding interaction with Li, compared with the bulk MoS 2 due to the presence of unique edge states, and thus are promising cathode materials for Li-ion batteries. 34 The previous discussion demonstrated that the lowdimension materials can exhibit a lot of unusual physical phenomena absent in 3D bulk ones. Although both the 3D bulk and 2D single-layer MoS 2 and WS 2 have been widely studied, 35, 36 1D nanoribbons may exhibit different behavior. In experimental side, ultra-narrow 1D MoS 2 and WS 2 nanoribbons, $1-4 nm, have been successfully synthesized by using carbon nanotubes as templates. 37, 38 In theoretical side, the electronic and magnetic properties of MoS 2 nanoribbons have been predicted to be different from their 3D and 2D structures because of the quantum confinement and edge effects, 39 and can also be modulated by both external strain and electric field engineering. [40] [41] [42] [43] The knowledge of 1D WS 2 nanoribbons is also critical for designing WS 2 -based nanodevices.
In this work, the electronic and magnetic properties of 1D WS 2 nanoribbons with both armchair and zigzag edges are systematically explored by first-principles calculations. The results demonstrate that both the electronic and magnetic properties of WS 2 nanoribbons are significantly affected by the type of the edge. The WS 2 armchair nanoribbons (ANRs) remain the nonmagnetic and semiconducting behavior of the periodic single-layer one. Contrary to the ANRs, WS 2 zigzag nanoribbons (ZNRs) exhibit the unusual ferromagnetic and metallic behavior introduced by the existence of edges. Fascinatingly, these features of ANRs and ZNRs can be dramatically modulated by applying the external strains along the periodic direction. As the applied strains increase, a direct-indirect-direct transition occurs in ANRs, and the magnetic moment of ZNRs changes step by step. All these findings reveal that both the electronic and magnetic properties of WS 2 nanoribbons can be precisely modulated by controlling the edge type and applied strains, which is crucial for applications in nanodevices.
II. METHODOLOGY
In this work, all calculations were performed based on density functional theory (DFT) with the Vienna Ab Initio Simulation Package (VASP). 44, 45 Projector-augmented-wave (PAW) potentials 46 were used to account electron-ion interactions. The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional 47 was used to treat the electron exchange correlation interactions. To remove spurious interactions between neighboring structures due to periodic calculations, a vacuum layer thickness larger than 10 Å was taken. The energy cutoff was set to 400 eV. The Brillouin zone (BZ) was sampled with the Monkhorst-Pack scheme. 48 As for k-point, 15 Â 15 Â 1 for 2D single-layer WS 2 , 8 Â 1 Â 1 for armchair nanoribbons, and 15 Â 1 Â 1 for zigzag nanoribbons were adopted, respectively. The equilibrium geometries were fully optimized with both the lattice vectors and atom coordinates relaxed with the tolerance of less than 0.01 eV/Å on each atom.
III. RESULTS AND DISCUSSION
The single-layer WS 2 has graphene-like 2D hexagonal lattice, referred as H-WS 2 . As shown in Fig. 1(a) , the H-WS 2 exhibits a trigonal prismatic structure with a W atom layer sandwiched by two S atom layers with the sequence of S-W-S. The single-layer H-WS 2 belongs to P-6M2(D 3 h ) point group symmetry, and three atoms in unit cell, one W atom in Wyckoff site 1(a) at (0, 0, 0) and two S atoms in 2(h) at (1/3, 2/3, 6Z) in the unit cell. Two types of WS 2 nanoribbons (NRs) can be constructed by cutting the single-layer WS 2 along the different directions. As shown in Figs. 1(b) and 1(c),ANR and ZNR are distinguished due to distinct shaped edges. In the following, the WS 2 nanoribbons are abbreviate as A n or Z n , where letters A and Z represent armchair and zigzag edges, and the index number n stands for the width given by the number of WS 2 units contained in primitive cell of A n and Z n , respectively. The width of A n (Z n) can be simply described by N A (N Z ), where N A equals to the index n in A n (Z n ). In addition, the ideal ribbon width of A n or Z n can be also approximately estimated from the lattice constant of single-layer WS 2 , a SL , as W A ¼ (N A À 1) Â a SL /2, and W Z ¼ (N Z À 1) Â 1.732 Â a SL /2. As discussed below, the structure and electronic properties of A 8 and Z 7 can basically describe well the properties of armchair and zigzag type nanoribbons. In the following, we mainly focus on these two representative WS 2 nanoribbons.
The calculated lattice constant of single-layer WS 2 is a SL ¼ 3.18 Å , the corresponding W-S bond length is 2.42 Å , and thickness of S-W-S layer (the distance of two S atom planes) is 3.14 Å . The calculated lattice constant, a SL , agrees well with the previous results, 3.13 Å 49 from the local density approximation (LDA) and 3.18 Å 50 from DFT-PBE. The calculated lattice constant of WS 2 nanoribbons is a A ¼ 5.47 Å for A 8 , and a Z ¼ 3.15 Å for Z 7 . The ideal lattice constants are a A ¼ 1.732*a SL ¼ 5.51 Å and a Z ¼ a SL ¼ 3.18 Å . The structure parameters of ANRs and ZNRs change slightly after the structure optimization. The calculated band structure of single-layer WS 2 is shown in Fig. 1(d) , The single-layer WS 2 has a direct band gap of 1.81 eV according to the present DFT-PBE calculation, which agrees well the previous value of 1.98 eV by DFT-LDA. 49 In order to understand the detailed electronic properties of 1D nanoribbons, the relationship between electronic structure and width was also checked. As shown in Fig. 2(a) , A 8 is semiconducting with a direct band gap. It is noted that the band gap (0.48 eV) for A 8 is only about one-third of the value for single-layer WS 2 . The result demonstrated that WS 2 ANRs keep semiconducting independent with the ribbon width. Fig. 2(d) exhibits that the band gaps change with the ribbon width N A varying from 6 to 20. More interestingly, WS 2 ANRs with N A ¼ 3n À 1 are larger than the neighboring ones with N A ¼ 3n À 2 or N A ¼ 3n, where n is an integer number. The band gaps converge a value of about 0.5 eV when the width is larger than 30 Å , but are still much smaller than that (1.8) eV of single-layer WS 2 due to the edge effect.
As shown above, both 3D bulk and 2D single-layer WS 2 are nonmagnetic semiconductors, herein, the spin-polarization calculations were used to check whether the novel magnetism exists in WS 2 nanoribbons. The spin-polarization calculation on armchair ribbon A 8 gives the same results as that of the spin-unpolarization case, and no magnetic moment is possessed by A 8 . Thus, ground state of A 8 is also nonmagnetic. Different from ANRs, spin-polarization calculations are crucial for ZNRs. The total energy indicates that Z 7 prefers to ferromagnetic (FM) state than the nonmagnetic (NM) one by 0.07 eV/cell. As shown in Fig. 2(b) , the spin-splitting obviously occurs in Z 7 . As shown in Fig. 2(c) , the magnetic moment of Z 7 concentrates on the edge atoms. It should be noted that both the two edges of Z 7 possess positive magnetic moment. Thus, WS 2 ZNRs are completely ferromagnetic for both edges. The ferromagnetism of unsaturated edges for WS 2 ZNRs is similar to the case of MoS 2 ZNRs. 39 Besides the magnetism difference of ZNRs and ANRs, there are bands crossing the Fermi energy as depicted in Fig. 2(b) , so that WS 2 ZNRs become metallic from semiconducting of 3D bulk and single-layer WS 2 . The width effects are also examined in WS 2 ZNRs, and the results show that the ferromagnetic and metallic behavior of the ZNRs does not change with the ribbon width. Interestingly, the magnetic moment of ZNRs changes slightly per unit cell as the increase of width. However, the magnetic moment of ZNRs averaged on WS 2 formula decreases dramatically with the increase of width. It is not difficult to understand that the magnetic moment is ignorable for infinitely width ZNR because the magnetic moment mainly originates from the edge atoms.
It is worth to note that the 2D single-layer periodic WS 2 exhibits nonmagnetic and semiconducting behavior, but novel ferromagnetic and metallic behavior is introduced to ZNRs due to the existence of edges. These different features between WS 2 ANRs and ZNRs demonstrate that both the electronic structure and magnetic properties of WS 2 nanoribbons are significantly affected by the type of the edge.
An essential requirement for material applications in nanoelectronic devices is the ability to modulate the electronic and magnetic properties via external control such as mechanical strains. Next, the strain-effect on electronic and magnetic properties is further investigated for the WS 2 nanoribbons. The external strain is simulated by the variation of the lattice constant along the periodic direction as: e ¼ (a À a 0 )/a 0 , where a 0 is the full relaxed lattice constant in unstrained state, whereas a is the strained lattice constant. In this work, only tensile strains (e > 0) are considered because it is much easier to be applied than compressing ones in experiments. All atoms are fully relaxed with fixed lattice constant under each strain condition.
Interestingly, the band gap of strained armchair ribbon A 8 fluctuates greatly with different strains. As shown in Fig.  3(a) , the variation of the band gap can be divided into three different stages in terms of applied strain: 0%-3% (stage I), 3%-10% (stage II), and 12%-16% (stage III). When the strain is small at the beginning (stage I), the band gap increases monotonically with increasing the strain. At the end of this stage, the band gap gradually increases from initial 0.48 eV to 0.50 eV at strain ¼ 3%. As shown in Fig. 3(b) , the increase of band gaps in stage I mainly arises from the increase of the conduction band minimum at C (CBM-C). In addition, the valence band maximum at Z and C (VBM-Z and VBM-C) crossover together at strain ¼ 3%, and the former begins to exceed the latter. The band gap consequently transforms from a direct gap at C-C to an indirect band gap at Z-C starting from strain ¼ 3% (Fig. 3(d) ). For example, the band gap becomes 0.42 eV at strain ¼ 6% (Fig. 3(e) ). In stage II, the band structure retains indirect, while the band gap first decreases, then it increases (Fig. 3(b) ). In this stage, the energy at VBM-Z does not change, whereas that at CBM-C makes the main contribution to the change of band gap. When strain is larger than 10%, the energy at CBM-Z is even lower than that at CBM-C. The gaps convert back into direct but at Z-Z instead of at C-C for unstrained case. The band gap has a sudden drop at strain ¼ 12% relative to that of 10%. After this, the band gap increases monotonously up to 16% (Fig. 3(f) ) due to the variation of energy at CBM-Z in stage III. In the whole process, the band structure experiences a direct-indirect-direct transition of ANR band gap.
Another important feature is that both total magnetic moment and the magnetic moment on specified atoms of ZNRs vary with the applied strains. The magnetic moment on W 2 near the edge is small at the beginning, but it transforms from positive to negative one at strain ¼ 12% (Figs. 3(g) and 3(h)) then decreases to zero at strain ¼ 16%. In this process, another W 2 atom near the opposite edge begins to possess magnetic moment (Fig. 3(i) ). Although the magnetic moment on each atom fluctuates with the strains, the magnetic moment is still mainly contributed by edge W and S atoms. The WS 2 ZNR Z 7 possesses the maximum magnetic moment at strain ¼ 10%. The calculations suggest that the magnetic moment of WS 2 nanoribbons can be precisely tuned, which is crucial for applications in magnetic devices, such as a mechanical switch for spin-polarized transport.
To further understand the magnetic property of Z 7 and its variation on strains, the total density of states (TDOS) and projected density of states (PDOS) of specific atoms Z 7 are depicted in Fig. 4 . The different atoms are labeled as depicted in Fig. 3(g) . The W 1 or S represents the edged W and S atoms, while W 2 and W 3 represent the W atoms close to the edge, respectively. The above analysis shows that zigzag nanoribbons are metallic due to bands crossing the Fermi energy. It should be noted that for unstrained Z 7 only W 1 and S atoms possess electronic density near the Fermi energy (Fig. 4(a) ). This indicates that the metallic character of ZNRs mainly arises from the atoms on zigzag edge.
The PDOS also clearly explains the magnetic moment distribution in ZNRs. As shown in Fig. 4(a) , the unstrained Z 7 exhibit asymmetric up and down states near the Fermi surface. In addition, the spin-polarization occurs obviously on edge atoms (W 1 and S), and few states on second nearby edge atoms (W 2 and W 3 ). The different spin-polarization behavior on different atoms is inconsistent with the result that the edge W 1 atom has the largest magnetic moment 0.53 l B , the edge S atom has a smaller magnetic moment of 0.32 l B , and the other atoms make few contributions to the magnetic moment. These results indicate that both the metallic behavior and magnetic property are induced by the edge atoms. As shown in Figs. 4(b)-4(d) , the PDOS on each atom near the Fermi surface changes asymmetrically for spin-up and -down states when strain is applied. For example, no state occurs on W 3 atom when strain is small (Figs. 4(b) and  4(c) ), but obvious spin-down state appears at strain ¼ 16% (Fig. 4(d) ), which is inconsistent with the fact that W 3 atom possesses no magnetic moment at small strains (Figs. 3(g) and 3(h)), but owns a negative magnetic moment at strain ¼ 16% (Fig. 3(i) ). The PDOS (Fig. 4) further confirms the variation of magnetic moment as the strain changes.
IV. CONCLUSIONS
The detailed atomic structure, electronic, and magnetic properties of 1D WS 2 nanoribbons with both armchair and zigzag edges are systematically explored by first-principles calculations. The results demonstrate that the band gap of nanoribbon is dramatically reduced due to the existence of edge compared with the bulk WS 2 . Interestingly, the WS 2 armchair nanoribbons retain the nonmagnetic and semiconducting behavior as that of bulk one, while zigzag nanoribbons exhibit the unusual ferromagnetic and metallic behavior. The results suggest that both the electronic and magnetic properties of WS 2 nanoribbons are greatly affected by type of the edge. More importantly, either the electronic or magnetic properties of ANRs and ZNRs can be modulated by applying the external strains. When strain is applied, a direct-indirect-direct transition occurs along with the tunable band gap in ANRs, and the magnetic moment of ZNRs changes step by step. All these findings provide a novel way to effectively tune the electronic and magnetic properties of WS 2 nanoribbons by controlling the edge types and applied strains, which is crucial for applications in electronic devices.
